The new Golgi in the protozoan parasite Trypanosoma brucei grows near to the old and adjacent to the growing new endoplasmic reticulum exit site. Growth is now shown to be at least a two-stage process, in which a representative matrix marker (GRASP) and enzyme (GntB) are delivered to the site of assembly, followed Ϸ10 min later by a COPI component (-COP) and a trans-Golgi network (TGN) marker (GRIP70). A secretory cargo marker (signal sequence-YFP) appeared early near the new endoplasmic reticulum exit site but did not enter the Golgi until the second stage. Together these data suggest that structural and enzymatic components of the new Golgi stack are laid down first, followed by those needed to move and sort the cargo passing through it.
T
he Golgi apparatus is an essential component of the eukaryotic secretory system. It is often composed of stacks of flattened cisternae that function in the modification and sorting of newly synthesized proteins made in the endoplasmic reticulum (ER). Exiting from the ER exit site, newly synthesized proteins are packaged into COPII-coated vesicles and ferried to the cis face of the Golgi stack. Several models have been put forward to explain transport through the Golgi, but in all cases COPI vesicles play a key role in mixing the transiting cargoes with resident enzymes in an ordered manner so that posttranslational modifications can be performed. Cargoes are then sorted in the late Golgi compartment, the trans-Golgi network (TGN), before onward delivery to their final destinations (1, 2) .
During the cell cycle, the Golgi undergoes biogenesis to help ensure propagation through successive generations (3) . Biogenesis involves duplication followed by partitioning between daughter cells. Partitioning has been most studied, particularly in mammalian cells. The present weight of evidence suggests that the Golgi ribbon helps mediate entry into mitosis, whereupon it undergoes fragmentation, vesiculation, and dispersal throughout the mitotic cell cytoplasm, followed by reassembly during telophase (refs. 4-8; but see ref. 9) .
Golgi duplication has been less studied, in part because there are several hundred copies of the Golgi stack in mammalian cells subsumed within the Golgi ribbon (10) , precluding direct observations on the assembly of new copies. Studies have, therefore, been restricted to analysis of Golgi reassembly after treatment with drugs such as Brefeldin A (11) (12) (13) (14) , although it is not clear to what extent this is a suitable model for biogenesis.
The difficulty of studying duplication in mammalian cells has led to the search for simpler systems, with fewer Golgi. Protozoan parasites such as Toxoplasma gondii and Trypanosoma brucei have a single Golgi stack, whereas the budding yeast Pichia pastoris has up to six (15) (16) (17) (18) (19) (20) . Fewer Golgi make it much easier to follow the duplication process in live cells using video fluorescence imaging technology. In T. gondii, the Golgi stack grows by a process of lateral extension followed by medial fission, suggesting that the old Golgi acts as a template for the assembly of the new (19) . In contrast, in P. pastoris, new Golgi assemble de novo, suggesting that the old plays no role in the construction of the new. Instead, the suggestion has been that the new ER exit sites determine the site of new Golgi assembly (21) . Similar results have been obtained in T. brucei, in which the single new Golgi stack appears at about the same time next to the new ER exit site (17) , at a position that is determined, at least in part, by a structure containing TbCentrin2 (22) . However, photobleaching experiments have shown that at least one putative Golgi enzyme is transferred from the old Golgi to the new during this assembly process (17) . This transfer in turn suggests that the new Golgi may be the result of the combined actions of the old Golgi and the new ER exit site.
These data raise the issue of coordinating the outputs of the old Golgi and the new ER exit site to ensure correct assembly of the new Golgi. They also raise the question as to whether there is an order of assembly. At one extreme, one could imagine that all of the Golgi components are delivered together and are then sorted out. Alternatively, one might imagine that these components are delivered in a specific sequence and that Golgi assembly is an ordered process. We now show that the latter is correct, using additional markers tagged with variants of GFP and stably expressed in T. brucei cell lines. At least two distinct stages in the process have been identified that seem to represent the conversion of an inactive Golgi to one that can function in secretion.
Results and Discussion
Characterization of Additional Marker Proteins. Table 1 summarizes the markers used in the present study. Earlier work characterized a representative Golgi matrix protein, GRASP, as well as GntB, a putative GlcNAc transferase. ER exit sites were marked by using Sec13p, a COPII coat component (17) . In the present work, a marker for COPI coats was characterized. Coatomer comprises a hetero-polymer of seven subunits that, together with ARF, assemble the COPI coats that are needed for intra-Golgi transport (23). In mammalian cells, a CHO cell line has been described that is temperature-sensitive for the -COP subunit, and, at the nonpermissive temperature, the cells can be rescued by expression of a GFP-tagged version of -COP (24, 25) . The T. brucei homolog of -COP was, therefore, chosen for tagging and stable expression. As shown in Fig. 1A , it localized to the Golgi, as a ring shape, surrounding the region marked by GRASP. Because earlier immuno-electron microscopy (immuno-EM) had shown that GRASP is present throughout the Golgi stack (17) , these data suggested that -COP was present at the rims. This location was confirmed by immuno-EM, the labeling for -COP being found predominantly at the cisternal rims, from which COPI vesicles are known to bud (Fig. 1B) (26) .
GRIP70 was used as a marker for the TGN. It is a coiled-coil protein that contains a conserved GRIP domain shown to localize to the TGN in many cell types (27, 28) . Tagging the full-length GRIP70 with YFP at the N terminus and stable expression in T. brucei showed that the fluorescence was adjacent to the Golgi stack marked by GRASP (Fig. 1 E) . Immuno-EM localized it to a tubulo-reticular network adjacent to the side of the Golgi stack opposite the ER exit site, confirming its location to the TGN (Fig. 1F ).
To determine when the new Golgi was functional for transport, a soluble secretory cargo was constructed. The signal sequence for procyclin, the major surface coat protein (29) , was attached to the N terminus of YFP, and stable lines were generated. This construct, signal sequence-YFP (ss-YFP), was found predominantly in the Golgi, and in the ER, by fluorescence (Fig. 1C) . There was no surface fluorescence because the construct was secreted (data not shown). Immuno-EM confirmed these locations, in that labeling was found over the Golgi stack and all elements of the ER (Fig. 1D) .
Each of these stable cell lines was also analyzed by Western blotting to show that each fusion protein was expressed as a single species of the correct molecular weight (Fig. 6 , which is published as supporting information on the PNAS web site).
A Golgi Enzyme and Matrix Protein Arrive Simultaneously at the New
Golgi. To determine the arrival times of the different markers at the new Golgi, a reference protein was needed. GRASP was chosen as a well characterized and representative matrix marker (30) . It also had the additional advantages that polyclonal antibodies useful for immunofluorescence microscopy had been successfully raised (17) and it could also be tagged with monomeric red fluorescent protein (mRFP) (see below). These properties facilitated the double-labeling experiments needed to determine the relative arrival times.
GntB was used as a representative Golgi enzyme, earlier characterized as a putative GlcNAc transferase by comparison with a related enzyme in Dictyostelium discoideum (31, 32) . Photobleaching studies showed that this putative enzyme moves from the old Golgi to the new, but the timing relative to GRASP was not determined (17) . To determine the relative timing, cells stably expressing YFP-tagged GntB were fixed and stained with antibodies against GRASP ( Fig. 2A ). They were then surveyed for new Golgi that had GRASP, but not GntB, or vice versa, which would indicate different times of arrival. We were unable to find any such examples. GntB colocalized with GRASP at all stages of the cell cycle. It was even found in the smallest new Golgi detectable by GRASP (Fig. 2 A, arrows) , suggesting concomitant arrival of the two.
This conclusion was further strengthened by quantitating the fluorescence intensity of both markers during new Golgi growth. The new Golgi grew until it was the same size as the old. The percentage of GntB at the new Golgi (relative to the old) was plotted against the percentage of GRASP. The latter data points were binned for every 10% of GRASP at the new Golgi to simplify presentation (Fig. 3A Left) . The clear proportionality was further emphasized by plotting the ratio of GntB to GRASP at the new Golgi (as a function of GRASP). As shown in Fig. 3A Right, the ratio was maintained at around 1 throughout new Golgi growth, strongly supporting the idea that GntB and GRASP both arrive simultaneously at the new Golgi assembly site.
COPI Coatomer Arrives After the Golgi Matrix Protein. The arrival of the COPI coatomer and GRASP at the new Golgi site was next compared by using the cell line stably expressing -COP fused to YFP. Fixed cells were double-labeled by using antibodies to GRASP, and fluorescence of the new Golgi was examined. At the earliest stages of growth, small Golgi defined by GRASP had little if any detectable -COP (Fig. 2B, arrows) . The converse was never observed, that is, -COP fluorescence in the absence of GRASP. Quantitation confirmed these observations. New Golgi containing Ͻ10% GRASP had Ͻ2% of -COP (Fig. 3B  Left) and a ratio of -COP to GRASP of 0.15 (Fig. 3B Right) . Thereafter, -COP was added together with GRASP to the growing Golgi.
One concern is that these results might have been affected by the relative fluorescence intensity of the two markers. The delayed detection of -COP at the new Golgi might simply ref lect a lower f luorescence signal when compared with GRASP. A lower signal seems unlikely because the protein (Fig.  6 ) and fluorescence (Fig. 2E ) levels of -COP were similar to those of GntB, which was readily detectable in all GRASPlabeled Golgi. Furthermore, the reciprocal experiment gave the same result. Cells stably expressing GRASP-YFP were fixed and labeled with polyclonal antibodies to endogenous -COP. The smallest Golgi contained GRASP-YFP but not -COP (Fig. 4A , arrow).
Delayed Entry of Secretory Cargo into the New Golgi.
The absence of -COP in the small, new Golgi argued that it was not functional for transport. To assay transport, cells stably expressing ss-YFP were fixed and labeled for GRASP. ss-YFP was present throughout the ER and was concentrated in the Golgi. However, it could not be detected in the smallest new Golgi defined by GRASP (Fig. 2C, arrows) . Quantitation confirmed this result, showing that new Golgi containing Ͻ10% GRASP had Ͻ2% ss-YFP (Fig. 3C Left) and a ratio of ss-YFP to GRASP of 0.29 (Fig. 3C Right) . Thereafter, the ss-YFP appeared in the new Golgi in amounts proportional to those of GRASP. Again, there was a concern that the results might simply reflect low fluorescence levels of ss-YFP, but the protein levels ( Fig. 6) were only slightly lower and the fluorescence (Fig. 2E ) levels were similar to GntB that was readily seen in the smallest Golgi defined by GRASP (Fig. 2 A, arrows) . Interestingly, whereas ss-YFP was excluded from the smallest Golgi, it was found to accumulate adjacent to it up until the new Golgi contained 10-25% of the final levels of GRASP (Fig. 2C,  arrowhead) . The precise site of accumulation is presently unclear although it does not seem to be the ER exit site, as marked by the COPII component, Sec13p (data not shown). Because Sec13p and GRASP arrive at the new site at the same time (17) , one speculative possibility is that the cargo is present in COPIIderived vesicles, awaiting entry until the Golgi becomes func- tional. It will be beneficial to conduct studies using other markers to identify them.
The TGN GRIP Protein Arrives After the Golgi Matrix Protein. The delayed arrival of -COP and ss-YFP at the Golgi stack defined by GRASP raised the question as to the arrival time of other parts of the Golgi apparatus. The arrival of the TGN was tested by using a stable line expressing YFP-GRIP70. In fixed cells labeled for GRASP, it was possible to find GRASP-labeled new Golgi that lacked GRIP70 but not vice versa (Fig. 2D, arrows) . Quantitation provided confirmation, showing that new Golgi containing Ͻ10% GRASP had Ͻ1% GRIP70 (Fig. 3D Left) and a ratio of GRIP70 to GRASP of 0.06 (Fig. 3D Right) . These results were not the consequence of low fluorescence levels because GRIP70 was 2-to 3-fold brighter than GntB (Fig. 2E) and was expressed at a similar level to GntB (Fig. 6) . The result was also not an artifact of expressing a YFP-tagged GRIP70 because the same pattern was observed when cells expressing GRASP-YFP were fixed and stained with polyclonal antibodies to the endogenous GRIP70 (Fig. 4B, arrow) . Together, these data suggest that the TGN is recruited to the Golgi region after the Golgi stack.
Interestingly, the percentage of GRIP70 at the new Golgi (and the ratio of GRIP70 to GRASP) varied considerably as the new Golgi grew (Fig. 3D) . The reason for this variation became clear when TGN duplication was followed by using live-cell video microscopy. Stable cell lines expressing both GRASP-mRFP and YFP-GRIP70 were generated to mark the Golgi stack and the TGN, respectively, and duplication was followed through an entire cell cycle (Ϸ9 h). Representative frames of the sequence are shown in Fig. 5 , and the entire sequence is found in Movie Note that GntB and GRASP are present in similar amounts at the new Golgi at all sizes, and the ratio remains relatively constant at Ϸ1. In contrast, YFP--COP, ss-YFP, and YFP-GRIP70 were mostly absent from the new Golgi containing up to 10% GRASP, and the ratio was Ͻ0.3, arguing that these are later arrivals. Results were expressed as the mean Ϯ SEM. The number of experimental points for each binned data set is indicated above the error bars. 1, which is published as supporting information on the PNAS web site. YFP-GRIP70 arrived Ϸ10-15 min later than GRASPmRFP (arrows). The levels of YFP-GRIP70 in the old and new then seemed to oscillate in opposite phases, providing an explanation for the wide variation in the percentage and ratio measurements of GRIP70 during later Golgi growth. This oscillation was not due to the Golgi moving in and out of the focal plane, because such behavior was not observed with GRASP-mRFP. GRIP70 is a peripheral membrane protein so exchange could be occurring through the cytoplasm. However, photobleaching experiments suggest that the half-time for recovery of GRIP70 is about five times longer than that for GRASP (a myristoylated, peripheral protein) (33) and more similar to that for GntB (a putative spanning protein). In other words, GRIP70 behaves more like an integral membrane protein than a peripheral one. The oscillations might, therefore, reflect the duplication process, or the en bloc consumption of the TGN as part of a cisternal maturation process. Nevertheless, such possibilities can only be investigated further once additional markers for the TGN are identified and characterized.
A Two-Stage Model for Golgi Assembly. The data suggest the following model for new Golgi assembly in the protozoan parasite T. brucei. The matrix marker, GRASP, and the putative enzyme, GntB, arrive at the new site at the same time as the ER exit site marker, Sec13p. A cargo marker, ss-YFP, also appears near to the ER exit site and the Golgi, perhaps arrested in COPII-derived vesicles. About 10 min later, after the arrival of coatomer (marked by -COP), transport of cargo through the Golgi occurs. The TGN is also added at this time, or perhaps a little later, allowing transport out of the Golgi. One could, therefore, argue that structural and enzymatic components of the Golgi are first laid down, followed by the addition of those components that are needed for cargo transport and sorting. Naturally, this conclusion is tentative and will require analysis of more types of markers and more examples of each marker. It will also be important to determine how each marker gets to the new site and what initiates and sustains this ordered delivery. Lastly, it will be crucial to carry out corresponding EM studies so as to identify and characterize the intermediates on this Golgi assembly pathway.
Whether Golgi duplication in mammals follows the same pattern has still to be determined. However, it is instructive to compare these results with those obtained studying Golgi reassembly after washout of drugs such as brefeldin A. Early work by Sandoval and colleagues (11) suggested a cis to trans assembly of the Golgi, consistent with what we interpret as assembly of the Golgi stack before the TGN. Later work by both the Linstedt (14) and Storrie (12) groups showed that certain matrix proteins appear at the reassembly site before other markers such as Golgi enzymes. This order differs from the present work for reasons that might simply reflect the use of different enzyme markers. It will, therefore, be important to look at more enzyme markers in T. brucei and other types of markers in mammalian cells, including cargo, to determine when transport is initiated in the reassembling Golgi. Only then will it be possible to determine the extent to which these processes are the same or different in the two organisms. If they are different, then drug washout might not be a valid model for Golgi duplication. Alternatively, the duplication mechanisms might be different in the two organisms. In this context, it is worth pointing out that the medial fission seen during Golgi duplication in T. gondii has no obvious counterpart in T. brucei or P. pastoris (17, 19, 21) . Furthermore, in mammalian cells, Golgi partitioning during mitosis, involving fragmentation, vesiculation, and dispersal, is not universally observed. Plants, fungi, and protozoan parasites do not disassemble their Golgi during mitosis and cell division, nor do they arrest membrane traffic (3, 34) . It will, therefore, become crucial to study Golgi duplication in animal cells directly before conclusions as to the generality of Golgi biogenetic mechanisms can be drawn.
Finally, the observation that the new Golgi reaches Ϸ10% of its final size before it functions is intriguing. EM reconstructions of serial thin sections show that the volume of the T. brucei Golgi is Ϸ0.06 m 3 , equivalent to Ϸ100 COPI-sized vesicles (35) . Because there are typically five compartments in the T. brucei Golgi [cis-Golgi-network (CGN), TGN, and three cisternae; J. Yelinek and G.W., unpublished data], each will comprise at most a few vesicles when the Golgi begins to work. Theoretically, one would need only one representative of each compartment to generate a functioning Golgi. The observed 10-min delay might, therefore, represent the time needed to deliver these representatives to the site where the new Golgi is assembled.
Materials and Methods
Cell Culture. The procyclic T. brucei strain YTat1.1 was used throughout the study. Cells were grown and transfected as described (36) . 
